This paper discusses the problematics of phytotoxicity of chemicals. It mainly focuses on the phytotoxicity of nanomaterials made of graphene. It describes phytotoxicological tests performed with foils from materials belonging to the graphene family. It also describes testing the infl uence of plants on these fi lms. Furthermore, the paper discusses the issues of mutual infl uence between plants and tested nanomaterials.
Introduction
We use ecotoxicity tests to determine or estimate the effects of chemicals on individual constituents of the environment. Where the tests relate to the toxic effects of chemicals on plants, we call them phytotoxicity tests. Phytotoxicity is expressed as harmful deviations from the normal appearance and growth of plants on the basis of exposure to the chemical. These deviations are determined both by measurement and visual assessment. (OECD, 2006) Due to the fact that germination and early growth stages are a critical stage of plant development and in this period the plants are sensitive to exposure to chemicals, the phytotoxicity tests with terrestrial plants are focused only on the stage of germination, root elongation and growth of seedlings. (OECD, 2006; Fletcher et al., 1991; Ratsch, 1983) The advantages of phytotoxicity tests are their simplicity, versatility, material and inexpensiveness. Variability refers to the species of tested plants and the method of application of the tested substance. Variability, however, might also bring some problems e.g. the results obtained for certain plant species could not always be fully extrapolated to other species. Therefore it is always necessary to carefully choose the criteria for selecting species of tested plants. Generally speaking, the proposed test format (not just the plant species, but also the method of application of the tested substance, pH or salinity) can signifi cantly affect the interpretation of results. (OECD, 2006) Phytotoxicity tests are used to evaluate the effects of chemicals on the environment by many organizations, e.g. the Organization for Economic Cooperation and Development (Organization for Economic Cooperation and Development, OECD), the European and Mediterranean Plant Protection Organisation (European and Mediterranean Plant Protection Organization, EPPO), the United States Environmental Protection Agency (United States Environmental Protection Agency, EPA) or the United States Food and Drug Administration (Food and Drug Administration, FDA). These organizations have created their own lists of testing plants (both monocots and dicots), and agree on e.g. the use of the following species: maize (Zea mays), oats (Avena sativa), ryegrass (Lolium perenne), lettuce (Lactuca sativa) and carrot (Daucus carota). The other importance of phytotoxicity tests is the fact that they are required at registration or re-registration of commercially produced chemicals.
Just as industrially produced substances can negatively affect the growth and development of plants, the plants may also affect industrially produced substances and materials which interact with them. Degradation processes caused or conditionally effected by living organisms are known as biodegradation or biocorrosion. This article not only deals with the possible impact of substances from the graphene group on plants but also the action of the plants on these compounds.
Exotoxicity of substances made of graphene
The graphene group (graphene family) are compounds derived from graphene -the foil consisting of only one layer of carbon atoms arranged in a hexagon (2D) isolated from graphite (3D). Many studies have investigated the toxic effects of nanomaterials from graphene. Detailed research studies (Seabra et al., 2014; Guo et al., 2014; Jastrzebska et al, 2015) summarize recent fi ndings regarding toxic effects and possible mechanisms of toxicity and conclude that graphene, graphene oxide (GO) and reduced graphene oxide (rGO) cause toxic effects in tests both in vitro and in vivo. Interpreted results of toxicity vary and depend on many factors such as the physical appearance of the tested substance (solid phase, suspension, surface, dimensions, concentrations in the suspension, etc.), the method of preparation (pollution by chemical preparation or reduction), the environment in which the toxicity test was made (water, soil, aerosol), or the biological substance on which the tests were performed (bacteria, green algae, nematodes, crustaceans, mammalian cells, etc.). For example, for GO in an aqueous environment the following data about its toxicity have been published: • toxic to crustaceans Amphibalanus Amphitrite (Mesarič et al, 2013 ); • toxic to microbial communities in wastewater (Ahmed et al., 2013 ); • non-toxic to bacteria Shewanella oneidensis (Wang, G. et al., 2011 ); • slightly toxic to zebrafi sh embryos (Danio rerio) (Liqiang et al., 2012 ); • non-toxic to zebrafi sh embryos (Danio rerio) (Zhou et al., 2012 ); • both toxic and non-toxic to broad bean seeds (Vicia faba) (Anjum et al., 2014) .
From this brief summary of published results we can see some disunity of outputs. Interaction with living systems is affected by the concentration of the tested substance, the functional groups on its surface, particle size, exposure time, type of exposed cells (Seabra et al., 2014) and in our opinion also the purity of the tested substance. All of these variables can affect the results of toxicity tests.
Phytotoxicity of graphene and GO was analysed on the basis of tests carried out on seeds and seedlings of tomato, cabbage, spinach and red lettuce. (Begum et al., 2011) Concentrations of 0, 500 mg/L, 1000 mg/L and 2000 mg/L were used for the tests; exposure time was 20 days. The test results show that at the highest concentration a signifi cant reduction in the growth, number and size of sheets was observed in all plants, except salad, while increasing the production of reactive oxygen species (Reactive oxygen species, ROS) and necrotic symptoms.
Similar tests were performed by Anjum et al. on broad bean seeds (Vicia faba). The seeds were exposed to different concentrations of GO suspension (the suspensions contained particles of 0.5-5 μ formed of a single bilayer of GO). GO suspension was tested at concentrations ranging from 0 to 1600 mg/L. The study revealed both positive and negative infl uences on the growth parameters. (Anjum et al., 2014) A positive effect was detected at concentrations of GO at 400 and 800 mg/L. For other concentrations, both lower and higher, the effect on growth parameters of the beans was negative. The negative impact was indicated by a decline in growth parameters, increased activity of enzymes decomposing hydrogen peroxide and an increased level of leakage (a violation of the stability of cell membranes), elevated levels of hydrogen peroxide and oxidation of lipids and proteins. These results demonstrate the diffi culty in interpreting phytotoxicity results. The question remains, why did the indicated concentrations of GO optimize the physiological process of germination and growth?
Plant effect on substances made of graphene
As mentioned above, the functional groups on the surface of graphene do affect the interaction of living systems with substances made of graphene. In the case of GO there are active oxygen functional groups (e.g. carbonyl, carboxyl, epoxy or hydroxyl) that can react with a variety of biological materials. The reaction of these functional groups of GO is the principle of ecological preparation of graphene using a so-called green reduction of GO, thus reducing GO to graphene by using substances that are not harmful the environment. (Agharkar et al., 2014; Wang, Y. et al., 2011a) The reduction is usually carried out in order to restore electrical conductivity and at the same time there is a change of other properties of GO.
The reason for the use of green reduction of GO is the fact that classical reducing agents are often toxic or explosive. In classical chemical reduction, hydrides, salts of hydrazine, oxygen, hydrohalide acid, sodium bisulphite and the like are used as reducing agents, (Agharkar et al., 2014) whereas during green reduction of GO phytoextracts are used, from leaves, stems, fruit or bark of plants including agricultural crops. Kuila et al., 2012; Haighighi et al., 2013) .
The green reduction of GO is used in cases where the intention is to create a reduced GO with varying ratios of C/O used in medicine (Guo et al., 2014; Li at al., 2016) or in tissue engineering (Ku et al., 2013) , e.g. as a carrier for drugs, cytostatics, biosensors, etc. Pan et al., 2012; Liu et al., 2010; Wang, Y. et al., 2011 b) . The green reduction utilizes the ability to form a physical (π-π, electrostatic interaction), or chemical conjugate between carbon nanomaterial and the biomolecule (peptide, protein, DNA, but also bacteria, mammalian cells, etc.). This procedure is chosen to unclog other chemicals (inorganic) in the molecule of GO or to create a partially reduced GO.
Chemicals produced by plants ("plant chemicals") may be used for the reduction of GO, such as ascorbic acid (vitamin C) or tannic acid. (Luo et al., 2016; Bo et al., 2014) A large number of plant chemicals (Agharkar et al., 2014; Thakur et al., 2012 ) (e.g. ascorbic acid, gallic acid, caffeic acid, vitamin E, luteolin, apigenin, tannins, fl avonoids and others) have a polyphenolic structure that allows transition to the stable quinones associated with the reduction of the oxygen functional groups of GO. We assume an S N 2 nucleophilic attack by an oxygen anion of polyphenols on the carbon of the oxygenated group. (Xu et al., 2015) In the extract from fenugreek seeds (Trigonella foenum-graecum) the ability to jointly reduce both the GO and ions of palladium to Pd nanoparticles was described, to form a common composite Pd-rGO. (Singh et al., 2016) Similarly, the reduction of GO and silver ions was reported on a common composite Ag-rGO using an extract of Pulicaria glutinosa (Al-marri et al., 2015) (a plant of the genus husk). GO reduction was also caused by the pollen extract of the exotic ornamental tree Peltophorum pterocarpum. (Rahman et al., 2014 ) By reduction of Ginkgo biloba (Gurunathan et al., 2014) rGO which had no toxic properties was prepared, while it was biocompatible with human tumour cells.
Phytotoxicity tests of foils made of graphene
Phytotoxicity of substances made of graphene was tested by a contact germination seed test and seedlings with GO foils "The fi lm/foil is a thin layer of small, partially overlapping slices (fl ocks) of the individual materials used. These slices are mutually connected by physical and chemical bonds." and its hybrid compounds: GO-fl uorine graphite (GO-CF), GO-fullerene C 60 (GO-C 60 ) and GO-Biochar. Preparation and identifi cation of the fi lms of GO and its hybrid compounds was described in our previous publications. (Gembalová et al., 2016; These fi lms can be differently stratifi ed from each other and combined among each other. It is also possible to prepare the joint foil with nanofi bers. For testing of phytotoxicity we have not solely used fi lms made of graphene but we have also tested joint foils with nanofi bers of polycaprolactone (PCL). Inside the fi lms prepared from GO and its hybrids we identifi ed by means of IR spectra the consistent presence of oxygenated functional groups (the foil GO-CF has an extra bond C-F) which with help of hydrogen bridges and π-π interactions can form layered materials, see Figure  1 . Simultaneously we characterized the foils during their process of thermal stability and during their decomposition, which is similar for the tested foils, see Figure 2 . Characterization of the fi lms is discussed in meticulous details in different papers. (Friedrichová et al., 2016) The layered structure of the fi lms is evident from the cuts in Figure 3 . 
Materials and methods
For the pilot test to determine phytotoxicity of the fi lm made of graphene we chose a contact germination seed test and a test of inhibition of root growth. White mustard (Sinapis alba L.) was chosen as a test organism. The tests were made according to the modifi ed procedure given in Appendix no. 1 of the Waste Department Guideline to determine the ecotoxicity of waste (ČR, 2007 a) . For a control sample 20 seeds were spaced out on Petri dishes lined with moistened fi lter paper. For the test samples, due to the limited size of the prepared fi lms, 20 x 20 mm sheets were inserted in each dish. 10 seeds were placed straight onto the foils and in the area around the fi lm 10 seeds were evenly spaced similarly to the control sample, see Fig. 4 . The seeds were incubated in the dark at 21°C for 72 hours. 
Results and discussion
A double determination has always been done for each type of fi lm. The value of the root growth inhibition for seeds placed on the fi lm and beyond the foil was calculated based on measuring the length of root (root elongation) of seedlings by computing the relation (1).
( 1) where: IC -is the root growth inhibition [%] , L c -is the arithmetical average length of the control roots As can be seen from Tab. 1 and from the graphs in Figure 5 , the fi lms which least affected root growth were the foils prepared from GO. Other fi lms slowed elongation of the root to a much greater extent and their inhibitory effect is substantially comparable. For seeds placed in tested samples outside the fi lm no signifi cant inhibitory effect was observed except for the fi lm GO-Biochar. Around the foils GO-C 60 and GO there was even a positive effect on root growth, which was also the most signifi cant for fi lms prepared from GO. Positive and negative effects on the seeds placed in tested samples outside the foil are in accordance with the results of the experiments described by Anjumem et al. (Anjum et al., 2014) . A positive effect can be explained by leach of material from the foil. In a pilot test, however, only a limited number of seeds have been used and the results are particularly informative. The effect of extract from white mustard seeds on foils made of graphene
As indicated above, the extract from fenugreek seeds (Trigonella foenum-graecum) has the ability to reduce GO (Singh et al., 2016) . Fenugreek seeds like mustard seeds are used in the food industry as spices and are referred to as natural antioxidants. If we compare the composition of the seeds and extracts prepared from seeds, it can be stated that they contain plenty of similar substances and display antioxidant activity (Dixit et al., 2014; Řezníčková et al., 2014) . Based on this fact we assume that an extract of germinating seeds of white mustard would be able to reduce GO in a similar way to fenugreek seed extract.
The seeds of white mustard were suffused with distilled water and allowed 48 hours to germinate. Subsequently the germinated seeds were crushed in the mortar, suffused with distilled water and extracted for 24 hours at room temperature. The extract was used for our experiments as the pure fi ltered state. The foil of GO-Biochar (2:1) was chosen for testing; 10 x 30 mm sheets of these foils were used. The fi lms were placed in Petri dishes and were topped with distilled water (blank determination), suspension of extract and the fi ltrate extract (using 10 mL of each). See Figure 9 . The fi lms were then incubated for 72 hours at 6°C. Subsequently the fi lms were removed from the Petri dishes and dried at 35°C. Fig. 9 Arrangement of the experiment focused on the infl uence of the extract from the seeds on foils of substances from a graphene; from the left, fi lm was put in distilled water, in the pure extract from the seeds, and in the fi ltrate extract
In the extract from the incubated seeds, apparent morphological changes were visible even to the human eye. These changes were made manifest by enlargement under the microscope. The changes are clear from the microscopic images, see Figure 10 . The effect of substances extracted from germinating seeds was damage to the surface structure of the foils. Fig. 10 Comparisons of the fi lm surfaces of GOBiochar incubated in distilled water (a), in the fi ltrate extract (b), and in the pure extract (suspension) (c) at various extensions
Conclusion
The results of our experiments confi rmed the variability of the results in published studies, even if they are used for testing just one type of tested organism (plants) and examine the infl uence of one chemical. The results show that phytotoxicity is dependent on the particle size of the tested substance, its concentration and its way into the organism. When considering the impact of nanomaterials from the graphene group on terrestrial plants, we should also consider the fact that these substances interact with biomolecules such as proteins, carbohydrates, lipids and nucleic acids (Rodrigues-Gonzales et al., 2015) . Derivatives of graphene, for example, adsorb proteins to form bioconjugates which destabilize lipid membranes (Ku et al., 2013) . Similarly, there are on the surface of the graphene derivatives which strongly adsorbed single-stranded DNA and RNA (Rodrigues-Gonzales et al., 2015) , which could be one of the causes of the genotoxicity of nanomaterials.
The toxic effect of substances from the graphene group can be explained by the increased production of ROS induced by its presence at both the surface and interior of the cells of the tested organism. Besides, the increased production of ROS, whose appearance is created by hydrogen peroxide, may also cause a massive leakage of electrolytes. It indicates that oxidative stress occurs. At the same time, there is visible damage in the form of necrotic lesions (Begum et al., 2011; Aslani et al., 2014) . The formation of ROS in contact with substances from the graphene group could be associated with a hypersensitivite reaction as the response of plant cells to infection by pathogenic microorganisms. During this reaction, increased ROS production stands at the beginning of programmed cell death (Govrin et al., 2000; Heath, 2000) .
On the basis of the results of experiments described in publications concerning green reduction, it can be presumed that a similar reduction reaction occurred even during the processes of our experiments. In places where the seeds and roots of seedlings were in contact with the foils, the morphological changes were evident at fi rst sight. This was also confi rmed by microscopic images of the foils. Extract from the germinating seeds had a similar effect on the fi lm as the seeds themselves. Therefore it is obvious that the chemicals produced by germinating plants react with substances which belong to the graphene family, and change their character. The question is whether its long-term effect may be the initial stage of the biodegradation process. All the tests carried out so far were short in duration and took place under conditions that rarely resemble the real potential fate of industrially manufactured nanomaterials in the environment.
